A neutron diffractometer DN-6 at the IBR-2 high-flux reactor is used for the studies of crystal and magnetic structure of powder materials under high pressure in a wide temperature range. The high neutron flux on the sample due to a parabolic focusing section of a neutron guide and wide solid angle of the detector system enables neutron diffraction experiments with extraordinarily small volumes (about 0.01 mm 3 ) of studied samples. The diffractometer is equipped with high-pressure cells with sapphire and diamond anvils, which allow pressures of up to 50 GPa to be reached. The technical design, main parameters and current capabilities of the diffractometer are described. A brief overview of recently obtained results is given.
Introduction
The dramatic progress in research under extreme conditions has been driven by the discovery of a great number of novel and interesting phenomena in condensed matter physics and material science, chemistry, and geophysics and planetary research [1] . In comparison to other experimental methods, the application of high pressure is a direct method for controlling changes in physical properties by means of variation of interatomic distances and angles, molecular conformations, or energy balance between different competing interactions [2] .
Currently, multi-megabar high-pressure experiments are realized using high-brilliance third-generation synchrotron radiation sources [3, 4] . Neutron diffraction has many advantages over X-ray techniques for studying the crystal structure of materials containing light atoms like hydrogen and oxygen and, especially, for studying the magnetic structure of materials [5] [6] [7] [8] . However, the evolution of high-pressure neutron diffraction techniques has been seriously restricted by the drastically low intensities of neutron sources (many orders of magnitude lower) in comparison with synchrotron radiation ones. As a result, neutron diffraction techniques for studies at high pressures of up to 10 GPa and above have been developed quite recently, and the corresponding experimental possibilities are only available in a few advanced neutron scattering research centers in the world, including the DISK diffractometer [9] at the IR-8 research reactor in National Research Center "Kurchatov Institute" (Moscow, Russia); the PEARL diffractometer [10] at ISIS RAL (UK); the G6.1 diffractometer [6] at LLB (Saclay, France); the high-pressure set-up [11] for HRPT diffractometer at the SINQ neutron spallation source (Paul Scherer Institute, Villigen, Switzerland); the high-pressure opportunities [12] on D20 at ILL (Grenoble, France); the HiPPO diffractometer [13] at the Los Alamos Neutron Science Center (Los Alamos, NM, USA); the PLANET diffractometer [14] at J-PARC (Ibaraki, Japan); the SNAP diffractometer [15, 16] at SNS spallation neutron source (Oak Ridge National Laboratory, Oak Ridge, TN, USA).
One should note that development of techniques for neutron diffraction experiments at the extended pressure range beyond 20 GPa is still in the state-of-art stage, and so far, only a few research examples, mostly for model systems with large neutron scattering lengths (or large magnetic moment values) have been reported at such a pressure scale [6, [17] [18] [19] .
The Frank Laboratory of Neuron Physics at JINR (Dubna, Russia), the basic facility of which is the IBR-2 high-flux pulsed reactor [20] , has more than twenty years of experience in the development of neutron scattering methods at high pressure [17, [21] [22] [23] . The high-pressure cells with sapphire anvils opposite are used on a specialized neutron diffractometer DN-12 for micro-sample studies [21] . The available pressure range is restricted to 6-8 GPa. However, many challenging phenomena in condensed matter physics require a higher-pressure range above 10 GPa, which cannot be obtained on the DN-12 diffractometer due to the incident neutron flux limitation caused by the reactor moderator geometry in the beamline layout. As a more advanced solution, a new high-brilliance diffractometer DN-6, combining higher incident neutron flux and wide aperture of the detector system, has been developed in recent years. The present paper describes the current state of the DN-6 diffractometer for studies of atomic and magnetic structure of materials under extreme conditions using sapphire and diamond anvil cells at a pressure range of about half a megabar.
The Design and Main Parameters of the DN-6 Diffractometer
The DN-6 neutron diffractometer for high-pressure research is located on the 6b beamline of the IBR-2 high-flux pulsed reactor ( Figure 1 ). The neutron beam is formed by means of a three-section neutron guide. The first section is a neutron beam splitter, dividing the incident neutron beam into two parts for the DN-6 and the neighboring Real-Time Neutron diffractometer (RTD) (Frank Laboratory of Neutron Physics, Dubna, Russia) on the 6a beamline. The continuation of the neutron guide is a twenty-meter curved part with a m = 1 coating and a total radius of curvature of 1860 m. The dimensions of the neutron beam after this section are 15 × 165 mm. Options for different neutron focusing systems for the end part of the neutron guide were considered [24] . Finally, the parabolic-shaped system with vertical focusing and a m = 3 coating was manufactured by SwissNeutronics (Klingnau, Switzerland), and installed as the third ending section of the neutron guide. The focused beam with dimensions of 10 × 10 mm is located at a distance of 870 mm from the end of the section (Figure 2a) . The new focusing section of the neutron guide increases the total neutron flux on the sample on average by about 6 times (Figure 2b ). The total length of the beamline from source to sample position is 30.5 m. As an example, the neutron diffraction pattern of the standard powder sample LaB 6 [25] is presented in Figure 2c . The instrument and performance parameters of the DN-6 diffractometer are listed in Table 1 . The pulse regime of the IBR-2 reactor operation provides neutron diffraction measurements in the DN-6 diffractometer using a time-of-flight (TOF) mode. There are two detector sections with a circular form installed at different scattering angles in the DN-6 diffractometer. 0.1 h Sample in high-pressure cell with sapphire anvils, V~1 mm 3 2-4 h Sample in high-pressure cell with diamond anvils, V~0.01 mm 3 20-40 h
The Available Pressure Range in Experiments high-pressure cell with sapphire anvils 12 GPa high-pressure cell with diamond anvils 50 GPa
The Available Temperature Range The cryostat based on a closed-cycle helium refrigerator 5-320 K
The first section (Figure 3a) is composed of 96 3 He-filled separate detector counters, arranged in the form of six rings of 16 detectors each with radius of 350 mm (Figure 3b) .
The detector system provides neutron registration in the range of scattering angles of 87-93 • . The neutron diffraction patterns are obtained by summation of spectra from each detector element with the relevant correction for the scattering angle variation. The second detector section also has a circular form, but it has another technical design, with the unified 3 He gas filling of the whole section volume, which is described in detail in [26] . It collects the neutron diffraction data in the lower scattering angle range of [35] [36] [37] [38] [39] [40] [41] [42] [43] • . Both of the detector sections are placed in boron-containing polyethylene shielding (Figure 3a) to improve the background conditions in experiments. The detectors' electronics are based on the MPD-32 module [27, 28] , which can provide data collection for 240 independent detector elements. The software modules SONIX+ [29] provide the control procedures for the automatization of experiments and visualization of neutron diffraction data. The horizontal cryostat [30] based on a closed-cycle helium refrigerator is used for low-temperature experiments in the range 5-320 K. The design of the cryostat provides the possibility of cooling high-pressure cells with different constructions.
The High-Pressure Equipment of the DN-6
Various types of the compact high-pressure cells are used for the experiments using the DN-6 diffractometer ( Figure 4) . High-pressure cells with sapphire anvils [17, 22] are applied for routine experiments in the pressure range up to 12 GPa in the temperature range 5-320 K. Their design (Figure 4a,b) provides wide-aperture side windows for the scattered neutrons that are compatible with the geometry of the detector system. To achieve a quasi-hydrostatic pressure distribution on the sample surface, hemispherical holes are made in the center of the anvil culets. The typical sample volume in the high-pressure cell with sapphire anvils is about 2 mm 3 , and the relevant data collection time is about 2-4 h. The reduction of the culet size of anvils and the corresponding sample volume to 0.5 mm 3 makes it possible to achieve maximum pressures of about 11-12 GPa.
For a significant expansion of the pressure range in diffraction experiments, high-pressure cells with diamond anvils are also applied on the DN-6 diffractometer. There are several different types of high-pressure cells, including plate DAC cells manufactured by Almax easyLab (Diksmuide, Belgium) and specially designed wide-aperture high-pressure cells (RNC "Kurchatov Institute"-FLNP JINR); Figure 4c ,d, respectively. The application of diamond anvils with an anvil culet size of about 0.45-0.5 mm and a sample volume of about 0.01 mm 3 makes it possible to achieve pressures up to about 40-50 GPa [31] . The typical data collection times extend to 20-40 h.
The pressure value inside the high-pressure cells described above is determined by the ruby fluorescence technique [32] .
An Overview of the Scientific Research at the DN-6 Diffractometer
In recent years, several studies have focused on performing pressure-induced modifications of the crystal structure and magnetic order in different powder materials.
A pressure-induced structural phase transition was observed in double perovskite Pb 2 MgWO 6 from the orthorhombic to cubic phase at high pressures above 0.9 GPa, corresponding to an antiferroelectric to paraelectric phase transition [33] .
The structural and magnetic properties of the siderite FeCO 3 have been studied at high pressures of up to 7.5 GPa, complemented by the ab-initio calculations [34] . An unexpectedly large pressure coefficient of the Néel temperature and reduction of the ordered iron magnetic moments were revealed.
The crystal and magnetic structures of nanostructured manganites [35] have been studied at high pressures. At ambient pressure, the ferromagnetic (FM) phase coexists with an A-type antiferromagnetic (AFM) phase. Under high pressure, the volume fraction of AFM phase increases, while FM is gradually suppressed.
At pressures P~1.5 GPa and temperatures below T N~1 10 K, the appearance of a new A-type antiferromagnetic AFM phase in bulk manganite La 0.7 Sr 0.3 Mn 0.83 Nb 0.17 O 3 was observed [36] .
The magnetic properties of doped ferrite Zn 0.3 Cu 0.7 Fe 1.5 Ga 0.5 O 4 have been studied at high pressures [37] . A gradual suppression of the magnetic moments of iron ions at different crystallographic sites was found at ambient temperature.
The magnetic structure of the DyGe 2.85 material synthesized under high-pressure conditions was studied [38] . The formation of an antiferromagnetic spiral ordering of dysprosium magnetic moments was revealed.
The structural and magnetic properties of the eskolaite Cr 2 O 3 have been studied at high pressures of up to 35 GPa [31] . The AFM ground state magnetoelectrically active in external magnetic fields was found to be stable in the whole studied pressure range ( Figure 5 ), not confirming a magnetic phase transition that had previously been assumed from optical second-order harmonic generation experiments. The pressure coefficient of the Néel temperature was accurately determined. Previously, high-pressure experiments using compact diamond anvil cells on a comparable pressure scale had mostly been reported for a restricted number of model systems, either containing atoms with large neutron scattering lengths, like D 2 [18, 39] and D 2 O [40] , or with large magnetic moments, like Gd [6, 19] . The advantage of the DN-6 diffractometer is that it can be routinely used for studies on a broad range of powder systems with average neutron scattering lengths and magnetic moments. For instance, the ordered magnetic moment values of Cr 3+ ions in Cr 2 O 3 at low temperature are just about 3 µ B [31] , typical for many transition metal oxides containing Cr, Mn, Fe ions, and it is much lower in comparison with the most of the relevant values of the rare-earth elements.
Conclusions
The DN-6 diffractometer for high-pressure research provides possibilities for routine studies of broad classes of powder materials with ordinary neutron scattering lengths and average magnetic moment values over a significantly extended high-pressure range (experimentally achieved, currently, at up to 35 GPa, and potentially possible at up to 50 GPa) and low temperature. The appropriate configuration of the neutron guide system and large solid angle multi-element detector system combined with low background shielding and a set of high-pressure cells with diamond and sapphire anvils makes the parameters of the DN-6 diffractometer comparable with the most advanced dedicated instruments in the other leading neutron scattering centers. 
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